INTRODUCTION
Data from humans and animals support a role for sleep in synaptic plasticity and cognitive function. 1,2 hypothesis is that sleep globally reduces synaptic strength to offset net synaptic potentiation induced by waking experience, 3 and abundant recent data support synaptic weakening during sleep. [4] [5] [6] This mechanism has been widely proposed as a cellular substrate for sleep dependent learning and memory consolidation 7, 8 ; however, such reductions in synaptic strength have not been demonstrated in the context of active sleep dependent memory consolidation or experience-dependent circuit plasticity. Recent in vivo studies have shown that, counter to this hypothesis, cortical somatosensory responses are enhanced after sleep, 9 and that synaptic potentiation in the developing 10 Thus in some contexts, sleep appears to strengthen synapses, and this process may promote sleep dependent learning and memory consolidation. To further explore the role of sleep in experience-dependent synaptic remodeling, we examined a naturally occurring form of plasticity mediated by potentiation of cortical synapses in vivo. In adult mice, brief exposure to a visual stimulus (phase-reversing, oriented gratings) results in enhanced cortical (V1) responses to stimuli of the same orientation (orientation-learning and memory consolidation, sleep may promote synaptic potentiation. We tested the requirement for sleep in a naturally occurring form of experience-dependent synaptic potentiation in the adult mouse visual cortex (V1), which is initiated by patterned visual experience.
Visual responses were recorded in individual V1 neurons before and after presentation of an oriented grating stimulus, and after subsequent sleep or sleep deprivation. regardless of time of day. Sleep dependent potentiation is proportional to phase-locking of neuronal activity with thalamocortical spindle oscillations.
Our results suggest that sleep can promote cortical synaptic potentiation in vivo, and that this potentiation may be mediated by slow wave sleep spindles.
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an in vivo tergic synapses in V1; it requires the same cellular mechanisms 11 in vivo quently, and vice versa. 12 Taken together, these data suggest that same mechanistic basis (namely, strengthening of thalamocortical synapses within V1). Although the orientation preference changes induced by stimulus presentation are not immediately measurable, but rather are consolidated over subsequent hours, 11 forms of memory consolidation, 1 relies on sleep behavior. Here in individual V1 neurons in freely-behaving mice following sleep, or sleep deprivation, and at different points in the daily rest/activity cycle. We also assessed how ongoing V1 neuronal visual experience and subsequent sleep.
MATERIALS AND METHODS

All animal husbandry and surgical/experimental procedures
Animal Care and Use Committee's board for animal care and use. Unless otherwise noted, mice were kept on a 12 h:12 h light:dark cycle (lights on at 07:00), and were given food and water ad libitum.
At age 2-6 mo, male C57Bl/6j mice (Charles River) were implanted with custom-built, driveable headstages (EIB-described techniques. 13 Each headstage was composed of two bundles (each approximately 200 mm in diameter, spaced 1-2 mm apart) of seven stereotrodes each (25-mm nichrome wire, California Fine Wire; Grover Beach, CA) placed within the right hemisphere primary visual cortex (contralateral to induction). Reference and ground electrodes (silver-plated copper wire, Alpha Wire; Elizabeth, NJ) were placed over the left hemisphere primary visual cortex and cerebellum, respectively, and three electromyography (EMG) electrodes (braided stainless-steel wire, Cooner Wire; Chatsworth, CA) were placed deep in the nuchal muscle.
Chronic stereotrode recording was carried out using general procedures described previously. 13 After 1-2 weeks of postoperative recovery, implanted mice were placed in a lightproof, illuminated sleep-recording chamber, and headstages were connected to a lightweight cable and commutator to record neural signals.
spike waveforms continuously present for > 24 h) could be maintained. Once stable recordings were obtained, the headstages were no longer moved. Mice were habituated to gentle handling procedures associated with sleep deprivation 14 and restraint procedures for visual stimulus presentation (see next paragraphs) for 3 days prior to recording.
-cipal) neurons using standard procedures, 13 on the basis of their tions (i.e., width at half-maximal amplitude). 6,15 were characterized by short spike duration (< 0.25 ms at 6, 16 Individual neurons were tracked throughout each experiment on the basis of spike waveform, relative spike amplitude on the versus principal; Figure 1 ). Within each experiment, only those experiment (i.e., those that were recorded throughout baseline, visual experience, and subsequent sleep recording) were
In experiment 1, mice were randomly assigned to either sleeping or sleep deprivation conditions (n = 4 and 3 mice, respectively) as shown in Figure 2A . These numbers compare favorably with group sizes used in two recent studies using chronic recording techniques (which used groups of four and two animals, respectively). 17, 18 In experiment 2, mice were tions (n = 4 mice/group) as shown in Figure 3A to (1) assess (e.g., stress-related) effects of experimental sleep deprivation in experiment 1. Additional mice in experiment 2 underwent sleep half of the circadian day). As an additional control (to assess and one without sleep deprivation).
Mice were gently restrained during visual stimulus presen-restraint. Each mouse was habituated to handling and restraint procedures for a minimum of 3 days prior to experimental -11 were presented visual cortex) on a 30-inch LED backlit monitor positioned 30 cm in front of the mouse. For each visual response test, phase shown for two representative neurons recorded on the same stereotrode at baseline (0-2 h), following presentation of a stimulus to induce poststimulus ad libitum sleep period (36-38 h). Spike waveform shape, relative spike amplitude on the two stereotrode wires, and clusters of spike data in three-dimensional principal component space are stable for the two neurons throughout the recording.
reversing gratings of four orientations (plus a blank screen to sec each, in an interleaved manner. The visual stimulus used to random), presented continuously for 1 h.
For initial tests for sleep dependence, visual responses were tested at three intervals: after baseline recording, after 1-h visual stimulus presentation, and after 6 h of subsequent sleep or sleep deprivation. For subsequent tests assessing time-of-day lights on and lights off (07:00 and 19:00). In two additional tional postdeprivation recovery sleep), visual responses were assessed 24 h apart, at lights on. + previously. 11 For analysis of the direction of changes in orientation preference (i.e., enhanced versus decreased preference for the stimulus orientation), changes in this measure from basesleep or sleep deprivation (Table 1 ). The proportion of neurons expressing either a negative or positive change in orientation preference (i.e., a > 10% difference from baseline) was quanti-tive change from baseline of < 10% were considered to have no change in orientation preference.
The magnitude of stimulus-evoked visual responsiveness 10 the ratio of each neuron's maximal (i.e., preferred orientation) screen presentation). This value provided an additional measure of response changes initiated by visual stimulus presentation. Rather than quantifying orientation preference changes, the ERI provides a measure of the "dynamic range" of visual responses which can be evoked by stimuli at different time points.
were calculated separately within each behavioral state (rapid fulness) across the 24-h baseline period. Firing rate changes Behavioral states were recorded continuously over a 24-h baseline period (with mice maintained on a 12 h:12 h light:dark stimulus presentation, mice were kept in complete darkness deprivation during the circadian day was carried out in the dark (under infrared illumination) using a combination of gentle handling techniques such as cage-tapping, disruption of nest material, and if necessary, gently stroking mice with a cottontipped applicator to prevent sleep. This sleep deprivation technique has been shown previously to effectively reduce sleep corticosterone levels (a marker of the acute stress response in rodents). 14, 19 as described previously. 13 The proportion of time spent in REM, was calculated during the poststimulus period using standard conventions. 13 rane and all electrode sites were lesioned (2 mA, 3 sec per wire), after which mice were euthanized and perfused with formalin. cresyl violet staining and reconstruction of electrode bundle recording sites, using previously described procedures. 13 In all experimental groups, the majority of neurons were recorded of neurons recorded at infragranular versus extragranular/granular layers (i.e., 2/3/4) were similar across experimental groups.
RESULTS
responses and spontaneous activity longitudinally from individual V1 neurons in adult mice 13 (Figure 1 ). For experiment 1, recordings spanned a 24-h baseline, 1 h of continuous stimulus at lights on), and a subsequent 6-h consolidation interval in complete darkness, with either ad libitum sleep, or experimental sleep deprivation (Figure 2A ). Orientation preference was assessed for each neuron at three time points: after baseline recording, immediately after stimulus presentation, and after the 6-h consolidation interval ( Figure 2B) . Changes in preference for the stimulus orientation (from baseline) were evident after subsequent sleep, and was blocked by sleep deprivation ( Figure 2C ). This was evident not only in comparing the average orientation preference changes across experiment 1, but also in comparing the distribution of neurons exhibiting increases versus decreases in preference for the presented stimulus (Table 1) . For example, immediately after stimulus presentation, roughly equal proportions (43% versus 33%) of principal neurons showed enhancements versus reductions in preference for the presented stimulus orientation, and a sizable propor-ence. Following poststimulus sleep, the proportion of principal neurons with enhanced preference for the stimulus orientation had increased to 80%. In contrast, after sleep deprivation, only 31% of principal neurons showed an enhanced preference for the stimulus orientation, whereas 53% showed a reduced prefacross all neurons recorded from each mouse) correlated posisleep across the 6-h poststimulus period, and negatively with time spent in wakefulness ( Figure 2D ). in experiment 2 we carried out an additional set of recordings in which 1-h visual stimulus was presented to groups of mice and orientation preference was assessed 12 h later ( Figure 3A,  3B ). This design took advantage of the natural daily rhythm in murine sleep behavior, allowing us to directly compare the effects of experimental sleep deprivation with the normal reductions in mouse sleep time that occurs during the night phase (after evening presentation; Figure 3C ). Thus control-was reduced when sleep behavior was reduced. To control for expression, mice underwent 6-h sleep deprivation across either stimulus presentation; morning + early sleep deprivation or half or the second half of the day. Across these experimental sleep across the 12-h post-stimulus period, and negatively with time spent in wakefulness ( Figure 3D ). As an additional control, mice were allowed additional recovery time following morning + early sleep deprivation ulus presentation. In mice allowed ad libitum sleep following 14.0 ± 3.7% (mean ± standard error of the mean) were recorded across a 24-h interval for neurons from freely sleeping mice AM stimulus presentation; see Figure 3C ). In contrast, neurons recorded from sleep deprived mice underwent orientationto changes seen after sleep deprivation followed by no, or more t-test).
was affected by visual stimulus presentation. We found that for several hours following either morning or evening stimulus presentation (but not presentation of a blank screen without rate changes.
In the developing cat V1, sleep dependent plasticity encompasses not only shifts in visual tuning properties, but also enhanced evoked visual responsiveness. This measurement provides an additional metric of how neurons respond to stimuli (i.e., the "dynamic range" of response magnitudes they can generate) in addition to the changes in orientation preference described above (which assess what stimuli neurons respond - 10 We found that sleep neurons ( Figure 5A, 5B) . ERI potentiation and other response changes in the cat visual system are proportional to synchroni- 13 We there--Hz) oscillations ( Figure 5C ). Among V1 recording sites, both hours after stimulus presentation ( Figure 5D ). Firing coherence with other sleep oscillations (e.g., REM gamma oscil- Figure 2A and Figure 3A) , ERI changes were proportional to OSRP (% change from pre-stimulus baseline shown). (C) (D) Among freely sleeping mice, mean response changes at each recording site (i.e., stereotrode bundle) were proportional to mean SWS spindle coherence across the poststimulus recording period.
DISCUSSION
Our results show that, similar to mechanisms for hippocampal-based memory [20] [21] [22] and ocular dominance plasticity in the developing cat cortex, 10,13 tiation, (2) requires sleep, and (3) involves a transient (experience-dependent) increase in neuronal activity/excitability, oscillations. dependent delivery of glutamatergic receptors to the postsynin vivo. 11, 12 Our current data support the role of synaptic potentiation in In studies of the developing cat visual system, we have found that similar increases in evoked responsiveness (measured as increased ERI) occur in the context of biochemical changes in 10 of time of day (Figures 2, 3) . For several reasons, it seems effects of experimental sleep deprivation, such as activation of an acute stress response. First, the gentle handling techniques used here for sleep deprivation have been shown to decrease costerone levels 14, 19 plasticity. 14 rally reduced in the absence of experimental sleep deprivation (i.e., in evening-tested mice, presented with a stimulus to tion is impaired to the same degree as in sleep-deprived mice (Figure 3 ). Third, we see no evidence that experimental sleep of whether it occurs immediately before testing, or is followed sleep deprivation immediately following stimulus presenta-stimulus intervals of 12 versus 24 h. and is negatively correlated with time spent in wakefulness. example, it is possible that both sleep states contribute mechathat the state of wakefulness is fundamentally incompatible features unique to sleeping brain states that are hypothesized to promote brain plasticity, including altered neuromodu-1,2
Although future studies will be needed to fully understand the relationships between these three states and consolidation consolidation. Our data show that in the hours following visual cortical network activity. First, V1 principal neurons become more active. We have recently characterized a similar increase in hippocampal CA1 neuronal activity in the hours following single-trial contextual fear conditioning, over a period during which sleep behavior is essential for optimal memory consolidation. 23 across the circadian day. Further, these activity changes are dependent (Figures 2, 3) . A second network activity change spindle oscillations ( Figure 5 ). We have recently shown that oscillations) are also associated with consolidation of ocular dominance plasticity in the developing cat cortex. 13 Importantly, ocular dominance plasticity consolidation also relies 10 Thus, one possibility is that in both the adult mouse and developing cat oscillations unique to sleep; this synaptic potentiation underpromote sleep dependent plasticity throughout the cortex after studies, where cortically mediated learning is associated with local increases in both blood oxygen-level dependent signal 24, 25 Our current data provide direct evidence that sleep can promote potentiation in the adult cortex in vivo, and suggest described sleep dependent plasticity in adult mouse hippocampus 21 and developing cat cortex 10,13 sharing a requirement for sleep and a basis in synaptic potenhomeostasis hypothesis") proposes that sleep facilitates synaptic weakening (i.e., downscaling) throughout the brain, to offset net synaptic strengthening during wakefulness. 3 Although abundant evidence has accumulated in recent years that synaptic downscaling can occur during sleep, 5,6 it remains unclear whether, or how, this downscaling contributes to cognitive functions promoted by sleep, such as memory consolidation. Our data support a growing body of evidence that after novel waking experiences (e.g., learning) adaptive remodeling in neural circuits occurs via sleep dependent mechanisms independent of synaptic downscaling.
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